Objective: There is continuing controversy regarding the effect of glucocorticoids on a systemic inflammatory process. Based on a model of glucocorticoid action that includes both pro-and anti-inflammatory effects, we used the human experimental endotoxemia model to test the hypothesis that a transient elevation of plasma cortisol to stress-associated levels would enhance a subsequent (delayed) systemic inflammatory response to bacterial endotoxin.
G lucocorticoids (GCs) have been widely used to suppress inflammation since 1949 when Hench et al first described the anti-inflammatory effect of GCs in humans (1) . Over the ensuing 50 years, most GC research focused on the anti-inflammatory and immune-suppres-sive properties of GCs, whereas comparatively little research examined the stimulatory properties of GCs that were, in fact, widely acknowledged before 1949 (2) (3) (4) . More recently, investigators have again examined the stimulatory effects of GCs on inflammatory processes (5) . Recent work has shown that GCs induce increased expression of receptors for inflammatory cytokines, including interleukin (IL)-1 (6), IL-2 (7) , IL-4 (8), IL-6 (9), IL-7 (10) and interferon-␥ (11) as well as granulocytemacrophage colony-stimulating factor (12) . GCs also stimulate effector cell functions, including phagocytosis by monocytes (13) and neutrophils (14) , proliferative responses of T-cells (7) and macrophages (15) , and tissue inflammatory responses to injury (16) .
To account for both suppressive and stimulatory effects of GCs on inflammatory processes, a model of GC action has been proposed that describes a concentration-and time-dependent biphasic (i.e., both stimulatory and suppressive) effect of GCs on integrated in vivo defense mechanisms (5, (17) (18) (19) (20) . According to this model, normal diurnal GC concentrations support the activity of defense mechanisms in a permissive and preparative (time-delayed) manner, whereas higher stress-induced concentrations act acutely to suppress inflammation and prevent tissue injury from excess inflammation. The hypothesized peak of cortisol stimulatory actions, based on the binding constant of cortisol to the glucocorticoid receptor (18) , is approximately 80 nM free cortisol. Recent studies have, in fact, demonstrated biphasic effects of GCs on effector cell inflammatory events, including inflammatory cytokine mRNA concentrations and protein release from monocytes (21) (22) (23) , Fc-mediated phagocytosis of macrophages (24) , acute-phase protein gene expression in hepatocytes (25) , delayed-type hypersensitivity reactions (26) , and wound healing (27) . In these studies, stimulatory GC effects were observed at lower concentrations, whereas higher GC concentrations produced no effect or suppressive effects.
To date, very little published data support either stimulatory or biphasic effects of GCs on in vivo human inflammatory processes. Barber et al reported that an experimental increase in plasma cortisol to concentrations of 75 to 85 g/dL would, as expected, suppress the systemic inflammatory response (tumor necrosis factor-␣ [TNF-␣] and IL-6) to experimental endotoxemia (EE) if the cortisol concentration was increased immediately before and during the endotoxin response. However, if participants in this study were exposed to the same plasma cortisol concentration for a 6-hr period ending 12 or 144 hrs before injection of endotoxin, they manifested an increased inflammatory response to EE (28) . Therefore, time may be as important as concentration in determining GC effects on in vivo inflammation. Based on their report and on animal studies showing delayed inflammatory effects of GCs (29 -31) , we hypothesized that in vivo exposure of humans to lower cortisol concentrations of approximately 35 to 45 g/dL total plasma cortisol (approximately 80 nM free cortisol) would also enhance inflammatory responses to a subsequent, delayed inflammatory stimulus (EE). The results reported here suggest that a "preparative" or priming effect of GCs on the human innate immune inflammatory response can be observed after transient in vivo exposure to cortisol concentrations that are close to concentrations that are commonly observed during human systemic stress.
MATERIALS AND METHODS
This study was approved by the Dartmouth College Committee for the Protection of Human Subjects (Institutional Review Board) and written informed consent was obtained from all participants.
Participants. Participants (n ϭ 36) were healthy male and female volunteers between the ages of 18 and 55 years.
Interventions. On day 1 of the study, participants were randomized in a double-blind manner to receive a 6-hr intravenous infusion from 9:00 AM to 3:00 PM of normal saline at 10 mL/hr (control), an intravenous infusion of an intermediate dose of hydrocortisone (Solu-Cortef; Pfizer, New York, NY) in normal saline at 1.5 g/kg/min (6.3 mg/hr/70 kg) designed to produce the hypothesized peak cortisol stimulatory concentration of approximately 80 nM free salivary cortisol (Cort80), or a high dose of hydrocortisone at 3.0 g/kg/min (12.6 mg/hr/70 kg; the same dose used by Barber et al [28] ) designed to achieve twice the free cortisol concentration or approximately 160 nM free salivary cortisol (Cort160). The next day (day 2), at 7:00 AM, participants were ad-mitted to a hospital acute care facility where an intravenous catheter was inserted in a proximal arm vein. Continuous electrocardiographic and pulse oximetry measurements were initiated and blood pressure and core temperature were measured noninvasively every 15 mins for the next 5 hrs and every 30 mins for the subsequent 4 hrs. Participants received 10 mL/kg lactated Ringer's solution intravenously over the first 2 hrs followed by 1.5 mL/kg/hr. At 8:00 AM, participants were injected with 2 ng/kg Escherichia coli endotoxin (Clinical Center Reference Endotoxin; Lot 67801; Pharmacy Development Section, National Institutes of Health, Bethesda, MD) intravenously over 2 mins. Participants remained in the acute care facility for the remainder of the day with continuous nursing care and under the direct supervision of a physician. Heparinized peripheral blood samples were obtained from the intravenous catheter or by venipuncture at the times noted. Saliva samples were obtained for determination of salivary-free cortisol using a commercial collection device (Salivette; Sarstedt, Newton, NC).
Measurements-Cortisol. Total plasma and salivary-free cortisol measurements were made on day 1, whereas plasma cortisol only was measured on day 2. Saliva samples were stored at Ϫ80°C until analysis by Salimetrics Expanded Range High Sensitivity Salivary Cortisol Enzyme Immunoassay Kit (State College, PA; analytical sensitivity ϭ 3 ng/dL). Plasma was separated from heparinized whole blood and stored at Ϫ80°C until analysis for total plasma cortisol on an Immulite 1000 analyzer using a Siemens Cortisol kit (Los Angeles, CA; analytical sensitivity ϭ 0.2 g/dL; intra-assay variability ϭ 4.7%; interassay variability ϭ 6.3%).
Measurements-Adrenocorticotropic Hormone. Adrenocorticotropic hormone determinations of frozen plasma samples were performed on an Immulite 1000 analyzer using a Siemens adrenocorticotropic hormone kit (Los Angeles, CA; analytical sensitivity ϭ 9 pg/mL; intra-assay variability ϭ 5.6%; interassay variability ϭ 7.8%).
Measurements-C-reactive Protein. C-reactive protein (CRP) measurements were performed immediately on unfrozen blood samples using a Roche P Module and Roche High Sensitivity CRP kit (Indianapolis, IN; analytical sensitivity ϭ 0.1 mg/L; intra-assay variability ϭ 1.3%; interassay variability ϭ 3.9%).
Measurements-Complete Blood Count. Complete blood counts of EDTA-anticoagulated blood were performed immediately on an Advia 120 Hematology Analyzer using Siemens reagents (Ramsey, MN).
Measurements-Cytokine Analysis. Plasma samples were collected and immediately frozen at Ϫ80°C for batched measurement of TNF-␣, IL-6, and IL-10 concentrations. TNF-␣ was measured using a TNF-␣ sandwich enzyme-linked immunosorbent assay (paired antibodies; BD Biosciences Pharmingen, San Diego, CA); IL-6 levels were determined using an IL-6 enzyme-linked immunosorbent assay kit (Peprotech, Rocky Hill, NJ); IL-10 was measured using an IL-10 enzyme-linked immunosorbent assay kit (Biosource, Camarillo, CA). Interassay variabilities for individual cytokines were in the range of 1.0% to 9.8% and intra-assay variabilities were in the range of 3.6% to 12.6%.
Analysis. The primary end point of this study was the plasma cytokine response to endotoxin assessed by enzyme-linked immunosorbent assay determination of three different cytokines: TNF-␣, which is transiently released from 1 to 2 hrs after endotoxin administration; IL-6, which persists in plasma for several hours after endotoxin; and IL-10, which has a peak concentration at 3 hrs after endotoxin administration (28, 32) . We hypothesized that pretreatment of participants with a 6-hr intravenous infusion of cortisol would induce an increased inflammatory cytokine (IL-6) response during EE. Power analysis was calculated using differences in plasma IL-6 concentrations between participants in the control Group and participants in the Stress Group at 2 hrs after endotoxin injection based on previously published data (28) . Using these data, we calculated a type I error of 0.025 to account for two comparisons and power of 0.90 with 12 subjects per group. Nonparametric rank tests and Student's t tests, with appropriate transformation to normality, were used to compare control and treatment groups at each time period. To account for the correlated nature of the data that resulted from multiple measures on each subject over time, we used generalized estimating equations as the primary analytic tool for intergroup comparisons that considers all time points and to characterize changes over time (33) .
RESULTS
Clinical. All study participants completed the protocol as planned. Participants were evenly matched among the three groups with regard to sex, age, and weight ( Table 1) . Four females were taking birth control medication, one each in the control and Cort80 Groups and two in the Cort160 Group. Endotoxin injection induced the expected clinical response, which included a maximum increase in heart rate of approximately 30 beats/ minute and increased body temperature to approximately 38.0°C to 38.5°C (Table  2) . Fever was preceded in all cases by headache, myalgia, and chills. Several subjects reported transient nausea. Hypotension (systolic arterial blood pressure Ͻ90 mm Hg) was not observed in any study participant. There were no significant differences between groups in any of the clinical measurements.
Cortisol and Adrenocorticotropic Hormone. Total plasma and salivary-free cortisol concentrations on day 1 are shown in Table 1 . Both measurements were significantly higher in both experimental groups at the end of the infusion compared with the control Group and in the Cort160 Group compared with the Cort80 Group. Plasma cortisol concentrations on the morning of day 2 were similar in all three groups and responded similarly during EE with the expected peak concentration occurring 4 hrs after endotoxin injection (34) ( Fig. 1 ). Plasma adrenocorticotropic hormone concentrations (Fig. 2) were similar in all three groups on the morning of day 2, peaked at 3 to 4 hrs after endotoxin injection (35) , and were greater in the Cort80 Group compared with the Cort160 Group at 3 and 4 hrs after endotoxin injection (p Ͻ .01) and compared with the control Group 4 hrs after endotoxin injection (p Ͻ .01).
Cytokine Responses. Plasma cytokine concentrations were measured immedi-ately before endotoxin injection and at 2, 3, 4, and 8 hrs after endotoxin injection. Cytokine concentrations were also measured 24 hrs after endotoxin injection in the first 21 subjects and were found to be at baseline or below detection limits in all cases (data not shown). Plasma IL-6 reached a peak plasma concentration 2 hrs after endotoxin injection and remained elevated at 3 and 4 hrs after endotoxin. Analysis by generalized estimating equations to consider all measurement times showed that plasma IL-6 was significantly higher in the Cort80 Group compared with the control Group (p ϭ .004) but not in the Cort160 Group (p ϭ .14) ( Fig. 3) . At individual measurement times, the plasma IL-6 concentration was significantly greater in the Cort80 Group compared with the control Group at 3 hrs (p Ͻ .05) and 4 hrs (p Ͻ .001) and in the Cort160
Group compared with the control Group at 4 hrs (p Ͻ .01) after endotoxin injection. Plasma IL-10 peaked in all groups at 3 hrs after endotoxin injection. Analysis by generalized estimating equations to consider all measurement times showed that plasma IL-10 was significantly lower in the Cort80 Group compared with the control Group (p ϭ .034) but not in the Cort160 Group (p ϭ .4) ( Fig. 4) . At individual measurement times, the plasma IL-10 concentration was significantly lower in the Cort80 Group compared with the control Group at 2 and 3 hrs (p Ͻ .05) after endotoxin injection. Plasma TNF-␣ concentrations were highest 2 hrs after endotoxin injection, declined rapidly thereafter, and were not significantly different between groups (Fig. 5) .
Peripheral Blood Leukocyte Counts and C-reactive Protein. Peripheral blood leukocyte counts were measured immediately before injection of endotoxin (8:00 AM, day 2) and 4 hrs after endotoxin ad- Data presented as mean (SE). a Control, intravenous saline for 6 hours on day 1; Cort80, intravenous hydrocortisone at 1.5 g/kg/min for 6 hours on day 1; Cort160, intravenous hydrocortisone at 3 g/kg/min for 6 hours on day 1; Pre, immediately before hydrocortisone infusion on day 1; Post, immediately after hydrocortisone infusion on day 1; b p Ͻ .001 vs. control; c p Ͻ .05 vs. Cort80; d p Ͻ .001 vs. Cort80. ministration (12:00 PM, day 2). Before endotoxin injection, there were no significant differences between groups in total white cell counts or in the total neutrophil or monocyte counts ( Table 2) . Total peripheral blood monocyte counts were significantly lower in the Cort80 and Cort160 Groups compared with control Group values (p Ͻ .05) 4 hrs after endotoxin administration ( Table 2) . By the next morning, all cell counts were again similar in all three groups (data not shown). C-reactive protein increased substantially in all treatment groups with no differences between groups ( Table 2) .
DISCUSSION
This study showed that endotoxininduced plasma concentrations of IL-6, which has predominately proinflammatory effects (36) , were significantly increased when participants were exposed to an intermediate dose of cortisol 1 day before endotoxin injection. In addition, plasma concentrations of the prototypical anti-inflammatory cytokine IL-10 were decreased in the same intermediate-dose cortisol group. In sharp contrast to a dose-dependent increase in GC antiinflammatory effects, this study is unique because it showed a dose-dependent GC inflammatory effect that was greater at intermediate cortisol concentrations with minimal effect at higher concentrations.
The concentration of cortisol that is needed to effectively suppress ongoing systemic inflammation in vivo remains a matter of controversy (37) , but what is not controversial is that cortisol will acutely suppress coincident or ongoing systemic inflammation in a dose-dependent manner (32, 38) . In this study, we used a different clinical paradigm that included a defined time interval between an increase in cortisol concentration and the onset of systemic inflammation. Barber et al previously showed that a minimal interval of 12 hrs is needed to observe delayed proinflammatory effects of GCs on the human inflammatory response to EE (28) . Since then, there have been confirmatory reports of delayed in vivo inflammatory effects of GCs in animals. Intraperitoneal dexamethasone, for example, significantly increases serum TNF-␣ and nitric oxide levels in mice after endotoxin injection, but only with an intervening interval of 24 to 48 hrs (39) . Similarly, acute stress augments a subsequent delayed-type hypersensitivity skin response in rats, an effect that is abrogated by adrenalectomy, which strongly suggests that it is mediated by GCs (40) . We attempted to determine whether an inflammatory effect from GCs might be observed after in vivo increases in cortisol to concentrations that are more commonly observed in humans during acute systemic stress (34, 38) . Although plasma cortisol concentrations are highly variable during ongoing systemic inflammation (41) , they typically increase to the range of 30 to 45 g/dL after an acute systemic inflammatory stimulus (28, 34, 38) . The mean experimentally induced increase in plasma cortisol concentrations that we measured in the Cort80 Group was slightly higher than this level, whereas it was markedly higher in the Cort160 Group. More notably, an increased proinflammatory response to EE was observed after Cort80 treatment but not after Cort160 treatment. Therefore, transient exposure of healthy humans to the intermediate plasma cortisol concentrations observed after Cort80 treatment-but not to higher or lower (normal diurnal) cortisol concentrations-increased the inflammatory response to a succeeding systemic inflammatory stimulus.
This study did not examine potential mechanism(s) by which cortisol can augment the inflammatory response to endotoxin, although prior studies suggest several possibilities. The increased IL-6 concentrations that we observed in the Cort80 Group could have been a consequence of a diminished anti-inflammatory response during EE. However, cortisol pretreatment did not inhibit the acute plasma cortisol response to endotoxin in either experimental group. In addition, plasma adrenocorticotropic hormone values were the same in all groups on day 2 before endotoxin injection, further indicating that there was no residual adrenal cortical inhibitory effect in either treatment group. A diminished anti-inflammatory response could also have been the result of decreased GC activity as a consequence of decreased GC receptor (density in effector cells. Downregulation of the GC receptor ␣ receptor is a welldescribed consequence of GC treatment (42, 43) . However, any such GC effect on GC receptor density should have also been observed in the Cort160 Group, which did not show the same enhancement of IL-6 that we observed in the Cort80 Group. Finally, the plasma response of anti-inflammatory IL-10 was significantly lower in the Cort80 Group. This observation is an unlikely explanation for the augmented IL-6 response in the Cort80 Group because IL-10, when given after endotoxin injection, does not suppress inflammation and may, in fact, enhance the inflammatory response (44, 45) .
A second explanation for cortisol enhancement of systemic inflammation during EE is a direct effect of GC pretreatment on synthesis and release of proinflammatory molecules from GCsensitive effector cells. As noted, GCs increase the expression of inflammatory cytokine receptors on immune effector cells, including receptors for IL-1 and IL-6 (6, 46 -48) . Increased receptor density would be expected to enhance mediator activity with potentially both IL-1 and IL-6 acting to augment endogenous release of IL-6 by IL-6 receptor-bearing cells. Second, a previously reported GCinduced increase in the inflammatory response to endotoxin was associated with increased cytochrome p450 activity leading the authors to speculate that increased nitric oxide was responsible for enhanced TNF-␣ production (49) . GCs, in turn, have been shown to induce cytochrome p450 (50) . Third, recent studies have shown that enhanced toll-like receptor signaling can be a consequence of "sterile stress" in animals. A sterile burn injury, for example, leads to a delayed enhancement of ligand-stimulated production of IL-1␤, IL-6, and TNF-␣ by spleen cells between 1 and 7 days after injury (51) . Recent work has shown differential effects of intermediate and high GC concentrations on cytokine production that may be mediated through modulation of mitogen-activated protein kinase signal transduction (52) . Signals transduced through these pathways are crucial for the generation of a rapid innate immune response (53) . In addition to mediating effects on transcription, activation of mitogen-activated protein kinase pathways has been shown to stabilize mRNA expression of many proinflammatory cytokines, including IL-6 and TNF-␣ (54, 55) . We have recently observed that intermediate doses of stress cortisol comparable to those administered in vivo to the Cort80 Group can enhance leukocyte IL-6 production in vitro and also suppresses expression of two negative regulators of mitogen-activated protein kinase signaling pathways, dual specificity phosphatases 2 and 10 (unpublished observations). Inhibition of dual specificity phosphatases is known to enhance both mitogen-activated protein kinase signal transduction and proinflammatory cytokine production (56) . Finally, the observed GC enhancement of systemic inflammation in this study was probably the result of "overlapping" GC effects on different molecular events. Stimulation of mitogen-activated protein kinase signaling, for example, may have occurred in both the Cort80 and Cort160-treated groups but was not manifested in the Cort160 Group as a result of greater activation of other inflammation-inhibitory mechanisms.
A direct comparison of our results with those of Barber et al is difficult as a result of methodologic difference in cytokine and hormone measurements and differences in study design because we studied larger group sizes in a blinded, randomized manner. The major difference, however, is that we varied the cortisol pretreatment dose followed by a fixed time interval, whereas Barber et al varied the time interval. The time interval that we used-17 hrs-is well within the 12-to 144-hr interval that was associated with cortisol enhancement of the inflammatory response. The results reported here do confirm and extend their observations by showing that a transient increase in plasma cortisol to intermediate stress-associated levels enhances subsequent endotoxin-induced IL-6 production while decreasing IL-10 production. Increases in plasma cortisol to higher levels had a substantially lesser effect on the plasma IL-6 response and no significant effect on the plasma IL-10 response.
In conclusion, several features of this study warrant emphasis. First, time was an important variable. Based on prior reports (28, 31, 39) , our experimental protocol included a time interval between the experimentally induced increase in plasma cortisol and the subsequent initiation of systemic inflammation. Second, we did not administer cortisol during EE because prior reports clearly demonstrate anti-inflammatory effects from similar GC doses and plasma concentrations when the GCs are given during a systemic inflammatory response (28, 32, 38) . Third, we looked for a dose-dependent effect of cortisol and found that cortisol affected the human systemic inflammatory response to EE in a biphasic manner with an intermediate cortisol concentration leading to a distinctly different-and greater-inflammatory response to EE compared with higher or lower cortisol concentrations. Finally, although the EE model was developed to study the human systemic inflammatory response syndrome as a component of human sepsis, as a result of the transient and isolated nature of the EE stimulus, results of this and similar studies clearly cannot be directly extrapolated to patients with sepsis (57, 58) . EE is, however, an excellent model for studying preidentified components of the human systemic inflammatory response as reported here.
CONCLUSIONS
We have shown that a transient in vivo increase in cortisol concentration can significantly enhance a subsequent delayed human response to a systemic inflammatory stimulus and simultaneously suppress the anti-inflammatory response. This effect was observed by increasing plasma cortisol to concentrations that are typically measured in humans during and after an acute systemic stress. Our results suggest that the human response to repeated systemic stresses may be altered and even augmented by the cortisol response to the first stimulus, an observation that Selye made repeatedly in animals before the anti-inflammatory properties of GCs were discovered (2, 3).
